Huntington's disease (HD) cellular pathology is characterised by the aggregation of mutant huntingtin (mHTT) protein into inclusion bodies. The present paper compared the sensitivity of five widely used mHTT antibodies (S830; MW8; EM48; 1C2; ubiquitin) against mice from five commonly used HD mouse models (R6/1; YAC128; HdhQ92; B6 HdhQ150; B6 x129/ Ola HdhQ150) at two ages to determine: the most sensitive antibodies for each model; whether mHTT antibody binding differed depending on aggregation stage (diffuse versus frank inclusion); the role of ubiquitin during aggregation as the ubiquitin proteosome system has been implicated in disease development. The models demonstrated unique profiles of antibody binding even when the models varied only by background strain (HdhQ150). MW8 was highly sensitive for detecting frank inclusions in all lines whereas EM48, ubiquitin and 1C2 demonstrated consistent staining in all models irrespective of age or form of mHTT. MW8 and S830 were the most sensitive antibodies with 1C2 the least. Ubiquitin levels were stable for each model regardless of age. Ubiquitin was particularly sensitive in young YAC128 mice that demonstrate an absence of inclusions until~12 months of age suggesting high affinity to mHTT in its diffuse form. The data indicate that generalisations across models regarding the quantification of aggregations may not be valid and that mHTT antibody binding is unique to the mouse model and sensitive to changes in inclusion development.
Introduction
Huntington's disease (HD) is an inherited progressive neurodegenerative disorder caused by a CAG repeat expansion in the first exon of HTT. HTT encodes the huntingtin protein (HTT) and the CAG repeat tract gives rise to a polyglutamine tract in the protein [1] . The onset of the disease is generally in mid-life with death occurring 15-20 years later. HD is characterized by characteristic motor and cognitive impairments and variable psychiatric symptoms, associated with selective cellular dysfunction and neuronal loss first within the caudate nucleus and later across the whole brain [2] . Neuronal intra-nuclear inclusions (NIIs) containing mutant HTT (mHTT) have been reported in patients [3] [4] [5] [6] [7] [8] and model systems that carry a HTT polyglutamine mutation [9] [10] [11] [12] [13] [14] [15] [16] [17] . The precise role that the aggregation process and HTT-positive inclusions play in HD neuropathology remains unclear [6, 12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , but their presence in either the early aggregation diffuse state or as frank NIIs are predictors of cell death [22, 28, 30] and are at the very least, markers of regional neuropathology.
There are several mHTT antibodies that immunolabel mHTT. Within HD mouse models the antibodies bind to different regions of the mHTT protein. Some have affinity specifically for the expanded polyglutamine [31, 32] whilst others bind to the N-or C -terminal of the exon 1 region [6, 33, 34] . The epitope specificity of the antibodies can characterise the inclusions by showing the availability of different epitopes and therefore the potential conformational changes that mHTT undergoes during the development of inclusion formations [35] . The ubiquitin antibody has also been used to detect mHTT as it is sequestered during the aggregation process.
The ubiquitin tagging of proteins, including those that are misfolded, marks them for degradation via the ubiquitin-proteasome system (UPS) [36, 37] . Altered ubiquitination has been proposed as a pathological mechanism in HD cell death [38] [39] [40] and inhibition of the proteasome in HD cell produced an increases in mHTT aggregation [38, 41] . A recent study [26] suggested that ubiquitination of NIIs is a late stage event in the development of the inclusion and therefore of little pathological relevance, in contrast to an earlier report that ubiquitin staining was already present in NIIs from their inception/early stages of formation [42] . Both of these studies were limited by their use of a single antibody and a single HD mouse line (R6/2) making an objective interpretation of ubiquitin binding within and beyond this single mouse line difficult. Another recent study [43] found ubiquitin activity that increased with age in both cortex and striatum of the 84Q transgenic HD mouse line, and although the authors claim the increases appear prior to the onset of HD in the mice, the ubiquitin increase was consistent with the appearance and progression of EM48 mHTT staining, suggestive of close and ongoing interactions between the aggregation and ubiquitination processes. At present it is not clear how ubiquitin interacts with mHTT and whether this is an early or late stage event in the development of mHTT inclusion pathology.
As part of a larger programme of work characterising HD mouse lines, we sought to characterise the ability of the most commonly used antibodies for the detection of mHTT (S830, MW8, EM48, 1C2) within striatal tissue of 4 congenic (C57BL6/j hereafter referred to as B6) HD mouse lines (R6/1, HdhQ92, YAC128, HdhQ150). Since there is a general movement to breed genetically modified mouse lines to common background strains to overcome background strain confounds particularly in behavioural phenotypes, we included a second variant of the HdhQ150 mouse line which was maintained on its original background strain (129/Ola X C57BL/6 background) to determine the impact of background on aggregation neuropathology. Our previous studies [44] [45] [46] [47] demonstrated the predominance of early disease diffuse mHTT staining to the staining of frank NIIs with age in these mouse lines, and thereby provided age groups for the present study for the comparison of antibody sensitivity to the different forms of mHTT. We also sought to determine whether ubiquitin tagging of the mHTT in HD mouse models is primarily related to mHTT in its diffuse state or associated in the development of frank inclusion pathology as both notions have been suggested to be of importance to the development of HD neuropathology [26, 42] .
Materials and Methods Animals
All experiments were conducted under UK licence and in accordance with the UK Animals (Scientific Procedures) Act 1986 and Cardiff Biological Standards Committee. All mice were killed by lethal IP injection of Ethatal conforming to UK and European legislation.
The mice used were congenic to the C57BL/6 background with the exception of the HdhQ150 mouse on the original 129/Ola X C57BL/6 background (see Table 1 ). For each line, tissue samples were taken from 5-8 mutant gene carriers at 8 and 18 months of age to provide "young" and "old" data points for each of the lines with the exception of the R6/1 mice that have a shortened life span where tissue was taken at 4 and 7 months of age as being a proportional life span representation of the other lines.
The R6/1 mice [15] were originally obtained from Jackson Laboratory (Maine, USA) and backcrossed to the pure B6 background for >10 generations. The YAC128 mice [11] were kindly supplied by the Hayden laboratory (University of British Columbia, Vancouver, Canada) and were backcrossed on to a B6 background for >10 generations. The HdhQ92 mice [48] were bred in-house but originated from stock animals (Jackson Laboratories, Maine, USA), and backcrossed onto the B6 background over a minimum of six generations. The "original" HdhQ150 mouse line [17] was bred in-house on the original mixed 129/Ola X B6 background strain and maintained on an F1 cross with a second line bred and maintained in house on a pure B6 background.
All mice were genotyped commercially (Laragen Inc., Culver City, USA) by the tail tip samples as previously described [44] [45] [46] [47] . Prior to sacrifice the mice were housed in mixed genotype single-sex cages under standard animal laboratory conditions. Animals were kept on a 12 hour lights on/off light-dark cycle (lights on 07:00h) with ad libitum access to food and water and an ambient room temperature of 21±1°C.
Histology
Tissue preparation. All mice and tissues were treated in the same way throughout the tissue handling process except where described. The mice were anaesthetized by intraperitoneal injection of 0.2 ml of Euthetal (Merial, Essex, UK) and then perfused intracardially with phosphate-buffered saline (PBS, pH 7.4) for 3 min. Followed by 4% paraformaldehyde (PFA) (Fisher Scientific, Loughborough, UK) in a 0.1M PBS solution, pH 7.4, for a further 5 min. The antibodies were pre-treated with an antigen retrieval method by incubation in citrate buffer (pH 6) for 20 min at 95C and for the 1C2 antibody which was insensitive to citric acid treatment, a 90% formic acid solution was used for 5 min at room temperature. Methods were adapted from in house-procedures and those previously described [10, 49] . Staining with all of the primary antibodies was optimised based on previous reports prior to the study to determine the optimal parameters for visualisation of mHTT staining. mHTT Primary antibody immunohistochemistry. Endogenous peroxidise activity was inhibited by incubation in methanol containing 3% H 2 O 2 (VWR International, UK) for 5 min. Non-specific binding sites were blocked with 3% horse serum in TBS for 1 h, and the sections were incubated with ubiquitin (1:1000:1μl in 1ml TXTBS containing 1% horse serum), S830 (1:20000: 1μl in 20ml TXTBS containing 1% horse serum), EM48 (1:500: 0.5μl in 1ml TXTBS containing 1% horse serum), MW8 (1:1000: 1μl in 1ml TXTBS containing 1% horse serum), or 1C2 (1:4000: 0.25μl in 1ml TXTBS containing 1% horse serum) antibodies overnight (~16 hours) at room temperature (21°± 2°C). After several washes in TBS, the sections were incubated with a horse anti-goat secondary antibody for S830 or horse anti-mouse secondary antibody (diluted 1:200, Vector Laboratories, Burlingame, CA, USA) for MW8, EM48, ubiquitin and 1C2 for 2 h at 21°± 2°C. After several washes in TBS, the sections were incubated with a biotin-streptavidin kit according to the manufacturer's instructions (Vector Laboratories). After which, the sections were rinsed in TBS. For each antibody the peroxidase activity was visualized with 3,3'-diaminobenzidine (DAB: Sigma-Aldrich, Poole, UK), and the sections mounted on gelatine-coated slides, prior to dehydration and cover-slipping (see Table 2 for details).
It should be noted that the presence of the ubiquitin polypeptide is assessed but we present no evidence that its presence is due to sequestration into the mHTT aggregate although this is widely accepted (see above). Consequently, ubiquitin staining is described as diffuse or concentrated as an indicator that it may be associated with diffuse or aggregated mHTT staining respectively. The concentration used for each antibody is stated in square brackets beneath the antibody name, and mono/polyclonal nature and antibody specifies is summarised under the "Type" heading. All antibodies except 1C2 used citric acid antigen retrieval. Where the antibodies were obtained is listed under the "Source" heading (*MW8 was developed by Patterson and colleagues [34] , was obtained from the Development Studies Hybridoma Bank, created by NICHD of the NIH and maintained at the University of Iowa, Department of Biology, Iowa City, IA52242), and the specific binding epitope of the antibodies is listed under the heading "Binding locus". S830 was kindly provided by Prof Bates (Kings College London). Stereology. Two dimensional stereology was performed on an Olympus BX50 microscope (Olympus Optical Co. Tokyo, Japan) with PC-based image analysis software (Olympus C.A.S. T. grid system v1.6.). Cell counts were performed on a 1:6 series of S830-stained sections and 1:12 series of EM48, MW8, 1C2 and ubiquitin-stained sections throughout the entire left striatum of each mouse. Briefly, the striatum was outlined under a 4× objective lens and the enclosed area was calculated by the C.A.S.T grid software. Sections within a defined volume of the striatum were then sampled at random and cells were counted under a 100× objective lens using a 265 μm 2 2D optical dissector counting frame. The total number of affected cells in the structure per section was calculated using the Abercrombie correction [50] :
The total number of cells; ∑c: The total number of cells counted; ∑A: The sum of all the inclusion areas; ∑a: The sum of all the sample area; f: The frequency of sectioning.
Affected cells were identified and the total numbers estimated in terms of positive immunoreactive-labelling; affected cells were further categorized in terms of whether they expressed either diffuse nuclear staining alone or exhibited frank NIIs with or without additional diffuse nuclear staining.
Statistical analyses. Initially, within strain 2-way (Antibody x Age) analyses of variance (ANOVA) were used to determine antibody binding differences in the detection of mHTT diffuse or inclusion cellular pathology within the striatum. With significance, post-hoc analysis was undertaken with pairwise analysis using Tukey HSD tests and for age-related analysis independent t-tests were used where appropriate. As there were many possible interactions available for analysis, selected main effects and interaction comparisons are reported, and post-hoc significances are simply marked by lowest significance level (in parenthesis) amongst the comparator groups. All statistical analyses were performed using the Genstat statistical package (v13.2; VSN International, Hemel Hempstead, UK) with significance taken at the 0.05 level. (Fig 1 and photomicrographs A-E Figs 2 and 3) In the R6/1 mouse the level of diffuse staining changed differentially with age and antibody (Fig 1A: Age x Antibody, F 4,31 = 7.15, p<0.001). Staining for frank inclusions also varied by antibody used (Fig 1B: Antibody: F 4,31 = 48.49, p<0.01) with the relative sensitivity of the antibodies not changing with age (Age x Antibody, F 4,31 = 2.18, n.s.), presumably as the disease is well advanced in these animals by 4m. Overall the most sensitive antibody in the R6/1 mouse was EM48 (p<0.05) that detected inclusions in high numbers but was not sensitive for diffuse staining. MW8 and S830 also detected good numbers of inclusions, but whereas MW8 also failed to detect diffuse mHTT consistent with the EM48 profile, S830 detected diffuse mHTT binding in both 4m old and 7m old animals. The 1C2 antibody demonstrated preferential binding to mHTT in the diffuse form in the 4m old animals and found relatively few frank inclusions in 7m old mice despite the high numbers detected by other antibodies. Ubiquitin staining was generally weak but stable at both ages in the R61 mice.
Results

R6/1
YAC128 (Fig 1 and photomicrographs F 
-J of Figs 2 and 3)
The YAC128 mice provided the most unique aggregation profile of the lines in the present study. Striatal inclusion formations appeared late in the life of the mouse, despite the presence of diffuse mHTT staining at an early age. The cellular development of diffuse striatal mHTT staining in the absence of inclusions was differentially sensitive to the different antibodies R6/1 mice demonstrate some diffuse staining (A) but high levels of frank inclusions from 4 months of age (B). In this mouse line EM48 was overall the most sensitive antibody, with 1C2 and ubiquitin the least. In young YAC128 mice that demonstrate only diffuse staining (C,D), ubiquitin and S830 were the most effective antibodies. As the mice aged MW8 became the most sensitive antibody. In the HdhQ92 mice, EM48 was the most effective ( Fig 1C: Antibody x Age, F 4,34 = 14.02, p<0.001), as was the development of frank inclusions (Fig 1D: Antibody x Age, F 4,36 = 6.76, p<0.001).
In the 8m old YAC128 mice ubiquitin was the most effective antibody compared against all others except S830 (p<0.05). No antibody detected frank inclusions at 8m. The ubiquitin staining remained high for the diffusely stained cells in the 18m animals and demonstrated greater diffuse than punctate staining (p<0.01), suggesting that it was less able to detect frank inclusions in the same animals despite their presence in high numbers being detected by other antibodies. The 1C2 antibody demonstrated a similar propensity to detect diffuse staining over frank inclusions in the 18m old mice (p<0.01). In contrast, the sensitivity of MW8 increased markedly with age when mHTT became aggregated into inclusions (p<0.01). MW8, S830 and EM48 were the most sensitive antibodies for detecting inclusions (p<0.05 against 1C2 and the presence of ubiquitin). In the 18m old mice EM48 and MW8 failed to detect mHTT in cells that did not contain an inclusion.
HdhQ92 (Fig 1 and photomicrographs K-O of Figs 2 and 3)
In the HdhQ92 mice the number of cells demonstrating diffuse staining in the absence of inclusions fell with age ( Fig In the 8m old mice, post-hoc analysis revealed that of the antibodies used EM48 detected most mHTT (p<0.05). At 8m of age this was in the diffuse form but interestingly whilst this level of detection did not change with age, at 18m EM48 detected only inclusions. This general pattern was maintained for each of the antibodies although S830 was able to detect a modest number of inclusions at 8m. In the 18m old mice, post-hoc analysis revealed that S830 was the most sensitive antibody overall (p<0.05) for detecting inclusions and was the only one that was able to detect diffuse mHTT at this age. MW8, EM48, 1C2 and ubiquitin demonstrated comparable levels of diffuse staining at 8m of age and inclusions at 18 months of age.
Original (B6 x 129/Ola) HdhQ150 (Fig 1 and photomicrographs P 
-T of Figs 2 and 3)
The lack of binding with the EM48 antibody in this line and the backcross B6 HdhQ150 line was expected and occurs due to the mismatch in human binding specificity of the antibody and the restricted human component of the inserted construct (CAG repeats only) of these models.
There were significant differences in the extent of detection of both diffuse staining ( All antibodies (except EM48) detected inclusions at 4m of age but only S830 and MW8 also detected cells with diffuse mHTT in the absence inclusions at this age. In the 8m old mice all of the antibodies were comparably sensitive at detecting inclusions. With advancing disease cells with diffuse mHTT and no inclusions became undetectable at 18m of age for all antibodies. In contrast all antibodies (except EM48) detected high levels of inclusions to comparable levels. Of interest in this mouse line was that whereas the detection of inclusions by S830, MW8 and B6 HdhQ150 (Fig 1 and photomicrographs U 
-Y of Figs 2 and 3)
As with all of the other mouse lines the detection of diffuse mHTT by the different antibodies across the two age groups differed significantly (Fig 1I: Antibody x Age, F 4,30 = 12.47, p<0.001). This was also the case for the detection of frank inclusions (Antibody x Age, F 4,31 = 4.44, p<0.01).
At 8m of age MW8 was able to detect high levels of inclusions with post-hoc analysis determining that it was the most sensitive of the antibodies at this age (p<0.01). There were relative few cells that contained diffuse mHTT staining at either age. Despite the sensitivity of MW8, 1C2 failed to detect either diffuse staining or inclusions in 8m old animals and identified few inclusions in 18m old animals. Aside from MW8, only ubiquitin demonstrated high levels of staining in 8m old B6 HdhQ150 mice. As with the other mouse lines the levels of ubiquitin staining were constant over the 8m to 18m period. In the older 18m mice, post hoc analysis determined that MW8 remained the most sensitive of the antibodies for detecting frank inclusions demonstrating comparable levels across the two age groups (p<0.05), but interestingly S830 also detected much high levels of inclusions in the old mice (p<0.01) than it did at 8m despite the large numbers detected by MW8 in the younger mice, suggesting a change in conformation of the mHTT protein was required for the S830 binding at 18m of age.
The means and standard errors of the data sets are contained in Table 3 below. The table depicts how each antibody performs for each mouse line at the ages used and shows were antibodies failed in particular mouse lines.
Discussion
The results from the present study demonstrate clear differences in antibody effectiveness within the HD mouse lines. In the R61 mice S830, MW8 and EM48 were the most effective is detecting inclusion formations, with S830 and 1C2 also identifying cells with diffuse staining in the absence of an inclusion. In the YAC12 mice, diffuse staining of ubiquitin and MW8 were the most effective in 8m old mice. In the 18m old mice, MW8 was most sensitive in labelling mature inclusions but ubiquitin still had affinity for the diffuse staining. For the HdhQ92 model, there was a clear separation between early diffuse staining and late inclusion staining. EM48 was the most sensitive in the young animals with S830 detecting most inclusions at 18 months of age. In the original HdhQ150 mice, S830 was the most effective antibody overall, but MW8, 1C2 and ubiquitin were also effective at detecting frank inclusions. In the B6 HdhQ150 variant, MW8 was the most effective. As expected, the different mouse lines demonstrated different levels of sensitivity towards the different antibodies used. As a general rule, (and under the conditions employed in the present study) S830 and MW8 were the most effective of the antibodies, and1C2 the least (excepting the lack of EM48 binding in the HdhQ150 lines).
When the performance of each of the antibodies is considered in more general terms across the mouse lines it was clear that antibody selectivity for either form of mHTT was mouse line specific and was not generalizable across the strains, with the exception of S830 that demonstrated good levels of detection of mHTT in both diffuse and frank inclusion form, in all mouse lines relative to the other antibodies used. In contrast MW8 demonstrated most variability: exclusively selective for mature inclusions in the R6/1 and B6 HdhQ150 mice; comparable levels of detection for diffuse mHTT and inclusions at 8m but exclusive binding to mature inclusions at 18m in the original HdhQ150s; comparable detection of early diffuse staining and late inclusion staining in the HdhQ92s; and in the YAC128 mouse a modest level of detection of diffuse mHTT in 8m old mice that developed to be the most sensitive antibody in the 18m old mice. 1C2 binding was generally one of the weakest antibodies throughout suggesting that antibodies that target only the polyglutamine stretch of the mHTT may not be optimal. This was highlighted previously with MW family of antibodies in the R6/2 mouse [32] , which were specific to particular cellular compartments. MW7 binding to the polyglutamine epitope was weak in HD mice that had clearly demonstrated NIIs with the polyP sensitive MW8 [32] , suggesting that in some mouse lines antibodies directed at the polyglutamine stretch of the mHTT protein may not be the most sensitive for mHTT detection. In the present study, S830 and EM48 both of which were highly sensitive and bind to the polyglutamine stretch of the mHTT, also bind to a section of exon1 which likely aids mHTT detection. Of significant interest was that ubiquitin staining was remarkably stable across the age groups within each mouse line. There has been a long-standing question regarding the role of ubiquitin and related proteolysis in the pathogenesis of HD [38] [39] [40] (reviewed in [51] ). The evidence remains inconclusive as to whether the ubiquitination of mHTT is an early stage event, a late stage event or occurs concomitantly with aggregation development [26, 41, 42] . For the present study, it was not possible to explore the nature of ubiquitin staining in greater detail, but from our data we can see that in the R6/1 mice ubiquitin staining was relatively low at both ages suggesting that many inclusions available did not contain ubiquitin. In contrast ubiquitin binding in the YAC128 mice was particularly high in 8m old animals relative to the other antibodies used and this was in the absence of frank inclusion formations suggesting that in this mouse line, ubiquitin binding was an early event in the development of inclusion formations. However, in the HdhQ92 mouse diffuse and more punctate staining were to comparable levels with ubiquitin, again suggesting that ubiquitin is present in both diffuse mHTT and later inclusions. In both HdhQ150 lines concentrated ubiquitin staining was found at both ages as comparable levels. The variation across the mouse lines in ubiquitin binding suggests that generalisations between models are not informative. Taking our data as a whole is clear that ubiquitin binding of mHTT can be present during the early stages of inclusion development and not simply a late stage event as previously suggested [26, 52] . In agreement with these studies, our data suggests that not all inclusions are ubiquitinated [26, 52] . Further hypothesising about the role of ubiquitin in the development of inclusion bodies is beyond the scope of the present report.
Simply using different background strains produced marked effects on the binding profiles of the antibodies. Whilst overall levels of pathology were similar in the 18m old HdhQ150 mice of the two lines with S830 and MW8 demonstrating good binding, levels of 1C2 binding was particularly poor in the pure B6 line again demonstrating that even in mouse lines that carry the same construct but on different backgrounds, antibody sensitivity may vary. In the present study, this variation in 1C2 binding occurred even when the two mouse lines demonstrated comparable asymptotic sensitivity with other antibodies.
Conclusions
The data from the present study highlights the variation in antibody binding that exists within the HD mouse lines and suggests that generalisations between studies using different antibodies within the same line should be made with caution. Similarly, generalisation across mouse lines with the same antibody may not be advisable. With reference to the role of ubiquitin in the development of inclusion bodies, the present study demonstrates the ubiquitin binding was remarkably consistent across age groups regardless of HD mouse model or mHTT aggregation stage even when binding of the other antibodies increased with age. Our data suggest that ubiquitin binding is not present in all inclusion bodies or necessary for their development.
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